Abstract: Second harmonic generation (SHG) imaging is a well-suited multiphoton technique allowing visualization of biological tissues mainly composed of collagen with submicron resolution. Despite its inherent confocal properties, imaging of deeper layers within thick samples has still some limitations. Although the use of longer wavelengths might help to overcome this, the dependence between SHG signals and wavelength is still under discussion. We report here on the dependence with wavelength of SHG signals from collagen-based ocular tissues. The quality of SHG images for two commonly used excitation wavelengths (800 and 1045 nm) is studied. The analysis of the collagen structural information reveals that the information provided by both wavelengths is similar. It was also found that, independently of the depth location, 1045-nm SHG images presented always lower signal levels than those acquired with 800 nm. However, the contrast of the former images was higher, what may improve the visualization of certain features of interest. "Abnormalities of stromal structure in the bullous keratopathy cornea identified by second harmonic generation imaging microscopy," Invest.
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Introduction
Second harmonic generation (SHG) [1,2] is a multiphoton tool suitable for imaging collagenbased ocular structures such as the sclera [3-6] and the cornea [7] [8] [9] [10] [11] . Although ocular components are connective tissues mainly composed of type-I fibrillar collagen, the sclera is opaque and the cornea highly transparent, probably due to a different arrangement of the collagen matrix. The natural non-centro-symmetric molecular organization of the collagen generates efficient SHG signal enabling three-dimensional microscopic analysis without exogenous labels [2, 12] . As SHG is a coherent process, some phase matching occurs in the focal volume among the scatter elements. Although SHG signal is prevalently emitted in the forward direction, backward phase matching also occurs under exceptional circumstances. Differences between forward and backward SHG signals have been previously analyzed in depth [13] . In terms of corneal imaging, Han et al. reported that whereas backward SHG signal of the stroma provides collagen bundle information, forward SHG visualization provides more details on submicron fibril structure [3] . However, in practical, backward SHG is the only modality for clinical examination and in vivo observation of collagen based ocular structures [14, 15] .
To our knowledge, Fine and Hansen were the first to report SHG conversion in both corneal and scleral tissues [16] . However, it wasn't until 2002 when Yeh and associates acquired SHG microscopy images in an ex-vivo rabbit cornea [7] . Since then, the organization and structure of the healthy corneal stroma has been investigated in non-stained (fixed or ex-vivo) corneal tissues of different species, including humans [4,5,7-12]. SHG techniques have also been used to analyze pathological corneas suffering from keratoconus [17, 18] , edema [19] or bullous keratopathy [20] among others. The spatial changes in the distribution of collagen fibers in control and diseased corneas has been also reported [21] [22] [23] .
Sample's aberrations and scatter decrease SHG effectiveness at deeper layers [24] , even in transparent media. Consequently, the deeper the location within the sample to be imaged, the lower the quality of the acquired image. This is a limitation in SHG imaging of ocular tissues, where some pathologies or non-controlled structural changes might be placed at deeper locations [17] [18] [19] [20] [21] . Adaptive optics has been used to improve SHG imaging of corneal tissues at the posterior stroma [24] [25] [26] .
For a better visualization of special features in SHG images, especially at deeper locations, an alternative approach could be the use of longer wavelengths that penetrate better into the tissue [27] . However, the wavelength dependence of SHG signal from collagen-based tissues is still under discussion [28] [29] [30] .
To better understand this problem, we have compared the image quality of SHG images when using two different infrared wavelengths. The pros and cons of using longer wavelengths for this type of collagen tissues are discussed.
Methods
SHG imaging was performed using a custom-built scanning multiphoton microscope previously described [10] . The instrument has been modified to include a dual femtosecond (fs) laser illumination (Fig. 1) . This consisted of a fs-laser emitting at 800 nm (Mira 900, Coherent, 76 MHz repetition rate) and another emitting at 1045 nm (HighQ-2, Spectra Physics, 63 MHz repetition rate). Both lasers provided similar pulse length as measured in situ with an autocorrelator (200 and 180 fs respectively). A flip mirror (FM) allowed to select the desired beam and an aperture (AP) limited both beams to the same size. Both lasers were linearly polarized, that minimized any possible dependence between the SHG signal of collagen-based samples and the incident polarization [31] [32] [33] . For every analyzed specimen, the laser intensity at the sample's plane was set to be the same for both wavelengths (this was controlled with a variable neutral density filter, NDF). A pair of non-resonant galvanometric mirrors was used as XY optical scanning unit. A non-immersion long working distance microscope objective (20x, NA = 0.5) was used to focus the beam onto the sample. A DCmotor controlled the location of the imaged plane within the sample along the Z direction. The generated nonlinear signal was collected in the backscattered direction through the same objective. A spectral filter placed in front of the detection unit (PMT) isolated the SHG signal from the collagen structures. Since the focal position depended on the wavelength, the "zerodistance" for depth imaging was established as the first imaged plane where SHG signal appeared. When imaging the corneal stroma, all SHG images corresponded to the central part of the cornea (i.e. the apex). As an image quality metric the Michelson contrast was used [34] . This has been reported to be useful in the analysis of different ophthalmoscopic images [35, 36] . The objective analysis of the collagen distribution has been carried out by means of the structure tensor method [23] . In brief, this consists of a representative matrix which elements are the partial derivatives computed along the main X-Y directions. It contains information about the orientation and isotropy of every image pixel, which is appropriate to investigate spatially resolved SHG images from collagen distributions. The numerical parameters provided by this tool are the degree of isotropy (DoI, ranging between 0 and 1) map and the histogram of preferential orientation (PO, between −90° and 90°). The standard deviation of the PO is defined as the structural dispersion (SD) of the collagen fibers. In easy words, the higher the DoI (larger organization), the lower the SD. Details on this can be found in [23] .
Human, eagle and porcine non-stained corneas were used in this study. A piece of nonstained bovine sclera was also used. Eagle cornea, porcine cornea and bovine sclera were fixed in paraformaldehyde. Human corneas (not suitable for transplantation) were stored in Optisol solution. This study was approved by the ethical committee of the Universidad de Murcia.
Results
Figure 2 presents SHG images of a human cornea and a bovine sclera acquired with the two wavelengths. Each SHG image presented along this work corresponds to an individual frame.
For both samples the imaged planes were randomly chosen. Left and central panels have been auto-scaled (i.e. normalized at their maximum values). For better comparisons 1045-nm images are also shown with the same color scale as those of 800-nm (see SHG images on the right). A direct visualization of the auto-scaled images reveals that the arrangement of the collagen fibers can be seen with both wavelengths. It seems obvious that pairs of images are not identical. The main reason for this might be the difference in the depth location of the imaged planes. It is hard to experimentally get exactly the same focal position for two laser sources with different wavelength. However, the quantitative (and objective) analysis of those images indicates that they provide similar information. In particular, the intensity profiles along the inserted horizontal lines are depicted in the corresponding plots. Although the average SHG signals for 800 nm were respectively 2 and 2.5-fold higher than those corresponding to 1045 nm, the normalized profiles did not shown statistical differences (ttest, p = 0.867 for Fig. 2(g) and p = 0.779 for Fig. 2(h) ). To verify if the collagen distribution provided by both wavelengths differs, the structure tensor was used [23] . Figure 3 compares the histograms of PO for both samples and wavelengths. The average PO values for the cornea images were 85° (SD = 21°) and 87° (SD = 18°) for 800 and 1045 nm respectively. For the sclera sample, the SHG image presented a PO at −8° (SD = 9°) for 800 nm and −11° (SD = 10°) for 1045 nm. The KolmogorovSmirnov test shows no statistical differences (p = 0.463 for the cornea and p = 0.847 for the sclera). Two series of SHG images of an eagle cornea at different depths are presented in Fig. 4 . The stromal organization is revealed at every depth position for the two wavelengths. The collagen lamellae are mostly lying parallel to the corneal surface. Sequential images corresponding to deeper locations show collagen bundles running parallel to each other with some orthogonal interweaving. Moreover, this pattern presents an angular shift for every Zposition. Fig. 2 , although pairs of SHG images are not identical, the information on the collagen structure provided by both wavelengths is similar. This can be seen in Fig. 5 . This compares the PO for the two wavelengths and different depth locations. For a more in-detail analysis of the SHG signal for both wavelengths, Fig. 6 compares the SHG intensity profiles as a function of depth in two samples for the two wavelengths used. Data correspond to stacks of SHG images spaced 25 μm in depth. The total SHG intensity for 800 nm was noticeable higher than that corresponding to 1045 nm (50.2% and 82.6% for the eagle and the human cornea respectively). This behaviour was similar for the rest of samples and differences ranged between 65 and 88%. When normalizing the data, both wavelengths provided similar SHG signal for shallow corneal layers, until ~150 μm. However, at deeper layers into the sample the 1045-nm SHG curves were always above those obtained for 800 nm. This well-known depth-penetration capacity of longer wavelengths is further represented in Fig. 7 . This map directly compares the performance of the SHG intensity in a cornea for the two wavelengths as a function of depth. For the sense of completeness Table 1 compares the values of Michelson contrast averaged across three axial segments of 100 µm corresponding to the anterior, middle and posterior stroma (300 µm total depth) of two different corneas (eagle and porcine, from Fig. 4 and 8 respectively) for 800 and 1045 nm. Significant differences between both wavelengths were found (t-test, significance level p = 0.05). 
Similar to
Discussion and conclusions
Longer wavelengths are known to penetrate better into the tissues as they suffer less scattering effects. Results here reported show that there was a noticeable difference in SHG signal when comparing pairs of SHG microscopy images of collagen-based ocular tissues acquired using 800 and 1045 nm. To our knowledge, this is the first time that SHG signals have been compared in these tissues as a function of depth for these wavelengths.
Although the experimental conditions for image acquisition were similar, 800-nm SHG images presented much higher intensity levels that those recorded with 1045 nm. Moreover, normalized SHG signal profiles show that at deeper locations, better SHG signal was obtained when imaging with 1045 nm. This implies an extended imaging depth within the sample. This agrees with the fact that longer wavelengths facilitate the penetration depth within tissues [27] .
A non-immersion objective was used for the present experiment. This objective is appropriate for living applications since it avoids corneal contact and the comfort of the subjects is improved [15] . However, commercially available clinical devices use (oil or water) immersion objectives (see [37] as a general reference). These have been demonstrated to provide high numerical apertures and good depth resolution. Moreover, acquired clinical images are very useful for the accurate diagnosis of a number of ocular pathologies. Since the optical resolution depends on the numerical aperture of the objective, the use of this kind of objectives in the experiment here reported would undoubtedly lead to better SHG images.
It is also worth noticing that the quality of SHG images here presented is lower than that reported by these authors in previous publications [10, 25, 38] . Two reasons might be the responsible for this. On one hand, the ocular tissues used in this work were not fresh and some deterioration might take place (what might affect SHG signal). On the other hand, the SHG images shown correspond to a unique frame. Most papers present figures where each final SHG image was the result of the average of several individual frames. Our images might be improved by averaging more frames and using fresh ocular tissues as samples.
There is still some controversy on the wavelength response of SHG signal from collagen structures. Moreover, since the wavelength dependence of the SHG conversion efficiency have not yet been fully and rigorously explored, this has been a topic of interest. Zoumi and associates analyzed the SHG spectral dependence of type-I rat tail collagen model in reflection mode [39] . They found a maximum for 800 nm and a decrease at longer and shorter wavelengths. Zipfel et al. measured the spectral profile of collagen SHG in the range 740-920 nm, reporting that the SHG efficiency is noticeable higher in the 700-to 800-nm region [28] . Measurements in collagen type-I from bovine Achilles tendon showed four maxima of comparable backscattering SHG intensities at 845, 880, 895, and 915 nm [29] . This wavelength dependence was like that of the rat tendon. However, Shen and colleagues observed that SHG intensity decreased monotonically for excitation from 750 to 950 nm in mouse tendon tissue [40] . In human ovarian tissue and murine tendon, it was observed a strong decrease (by over ~10-fold) in relative SHG intensity at increasing wavelengths over the range of 780-1230 nm [41] . The impact was larger for backward collected SHG. This behaviour confirmed the accuracy of the theoretical model based on the wavelength dependence of the SHG conversion efficiency.
Our results agreed with those ones. For all samples and independently of the depth location, the SHG for 800 nm was significantly higher than that obtained for 1045 nm. This corroborates that the efficiency of SHG conversion is higher for the former wavelength. This is probably the reason because 800 nm is the most often used wavelength in SHG microscopy.
Despite the increasing use of SHG imaging and its inherent confocal properties, the imaging of deeper layers in thick specimens has always been an issue. To our knowledge, results comparing SHG imaging with different illumination wavelengths and different depth locations are scarce in the literature. In type I rat-tail collagen the SHG signal was shown to progressively degrade with increasing depth and fewer collagen fibers were resolved at deeper locations [39] . However, data as a function of depth (up to 230 μm) were only provided for a wavelength of 800 nm. The authors reported that the maximum imaging depth was only limited by the working distance of the microscope objective and the value of excitation power used. For a fixed illumination wavelength, the decrease in SHG signal with depth in corneal tissue is known [25] . However, this behaviour differs between healthy and pathological or surgically-treated corneas [17, 18, 38, 42, 43] .
More recently Hall et al. analyzed SHG signal in mouse tail tendon and human ovary tissue (80-100 μm thick) as a function of depth for different wavelengths [41] . The intensity profile was found to decrease with depth but this was more pronounced for wavelengths of around 800 nm. They finally concluded that the gain in measured signal strength at longer wavelengths due to reduced scattering is overcome by the decrease in SHG conversion efficiency at longer wavelengths. Our results strongly agree with these ones.
In conclusion, the dependence of SHG images of ocular tissues when imaged with 800 and 1045 nm was investigated. Although a longer wavelength allows deeper penetration within the imaged tissue and superior SHG imaging is expected, the SHG excitation was shown to be less efficient. The reason is that the reduced scattering is a smaller effect than the decreased SHG conversion efficiency. Despite this reduced SHG imaged performance, the visibility of features was often better with longer wavelengths. Since an optimized visualization of corneal details is critical in the detection of pathologies in early stages, the use of longer wavelengths might also be useful in future clinical devices.
